Parametric dependences of the heat flux footprint on the outer divertor target plate are explored in EDA H-mode and ohmic L-mode plasmas over a wide range of parameters with attached plasma conditions. Heat flux profile shapes are found to be independent of toroidal field strength, independent of power flow along magnetic field lines and insensitive to x-point topology (single-null vs. double-null). The magnitudes and widths closely follow that of the 'upstream' pressure profile, which are correlated to plasma thermal energy content and plasma current. Heat flux decay lengths near the strike point in H-and L-mode plasmas scale approximately with the inverse of plasma current, with a diminished dependence at high collisionality in L-mode. Consistent with previous studies, pressure gradients in the boundary scale with plasma current squared, holding the MHD ballooning parameter approximately invariant at fixed collisionality -strong evidence that critical-gradient transport physics plays a key role in setting the power exhaust channel. PACS: 52.25.Fi, 52.40.Hf, 52.55.Fa, 52.55.Rk, 52.70.Ds 2 ___________________________________________________________________________ "Scaling of the power exhaust channel in Alcator C-Mod", B. LaBombard et al.
I. INTRODUCTION
The width of power exhaust channel at the divertor plate, € λ q , is a critical engineering parameter for any tokamak with reactor-level power entering into its scrape-off layer ( € P SOL ).
Yet, physics-based transport models that can accurately simulate observed € λ q values and their scalings in existing tokamaks are lacking at the present time.
The maximum steady-state heat flux that can be safely handled by a material surface is typically ~10 MW m -2 , the value which is presently set for ITER's peak divertor heat fluxes [1] .
Because of this constraint, the size of [2] , with € λ q expressed in millimeters, magnetically mapped to the outboard midplane. Thus a ~5 mm € λ q value, currently projected for ITER, mandates that ~80% of € P SOL must be dissipated to avoid damage to divertor surfaces and associated coolant structures. This in turn demands that ITER must be operated in a partially detached divertor regime -a regime that is not guaranteed to be compatible with the desired core plasma performance (Q DT ~ 10). The situation expected for a DEMO is even more severe, having several times ITER's € P SOL in a device of similar size [3] .
However, the ~5 mm value for ITER is based in part on empirical projections from present day experiments [2, 4, 5] , which appear to be ambiguous and not well formulated. Of primary concern are the inconsistencies with respect to major radius ( Multi-machine scalings based on heat flux 'footprints' measured at the outer divertor surface of ELMy H-modes [4] suggested very weak or no scaling with machine size, a positive 
Yet, multi-machine scaling studies of the temperature e-folding lengths at the last-closed flux surface (LCFS) near the outer midplane [6, 7] revealed that major radius is the dominant scale parameter. This observation appears to be inconsistent with the above scalings, given that the 'upstream' electron temperature profile is thought to play such a dominant role in setting the width of the power exhaust channel. Adding to these ambiguities, detailed analyses of the power exhaust channel in JET identified a different set of empirical scaling projections for € λ q [5] , profiles connect to previous experimental results reported from C-Mod, which identified criticalgradient transport physics as playing a prominent role in establishing its boundary layer profiles [9, 10] ? Since this paper focuses on C-Mod's results alone, the issue of major radius scaling is not addressed directly. However, as discussed below, C-Mod's heat flux footprints are found to be connected to the 'upstream' plasma pressure profiles and the behaviors of the H-mode pedestal.
This result by itself suggests that € λ q scales with major radius for standard aspect ratio tokamaks, since that is the dominant scale parameter found for upstream electron temperature profiles [6] and pressure gradient widths of H-mode pedestals [11] [12] [13] . 
II. EXPERIMENTAL ARRANGEMENT

A. Divertor heat flux diagnostics
The results from boundary layer heat transport experiments reported in this paper were made possible by the installation of a new divertor diagnostic package in C-Mod, specifically designed to record thermal loads and plasma parameters across the outer divertor strike point region [15] [16] [17] . Two different installations were performed (2009 and 2010). As shown in Fig. 1 , a set of 'ramped tiles' was installed in one of C-Mod's outer divertor cassettes, spanning four vertical columns of tiles -approximately 12 degrees of toroidal circumference (2010 installation). The three right-most columns are tilted in the toroidal direction by ~2 degrees and 'ramped up' relative to standard tiles, starting from a location that is 1 mm recessed below the standard tile surface and ending at a location that is 2 mm extended above. Thus, the far right column is purposefully shadowed by adjacent tiles, providing a means to subtract background light in the IR camera view. The final, left-most column maintains the 2 mm extension for one tile width. This arrangement ensures that field lines striking the leftmost columns will not be shadowed by adjacent divertor cassette and/or tile misalignments -a situation that is regularly seen elsewhere on C-Mod's vertical target face where a typical field line grazing angle is under embedded calorimeters (13) , tile thermocouples (10), surface thermocouples (9), Langmuir probes (7) and an IR periscope [18] coupled to a FLIR SC7000 camera. The diagnostic/tile arrangement for the earlier installation (2009) was similar to that shown in Fig.1 , except that it included only the two central tile columns and no embedded Langmuir probes (LPs). In this case, an older LP array, embedded in a standard divertor cassette located 90 degrees away toroidally, was used to characterize divertor conditions. However, subsequent cross-comparisons between the old and new LP arrays revealed that some of the old LPs can be corrupted by shadowing effects and therefore their data must be treated with caution. The EDA H-mode data reported in this paper (section III) were obtained using the 2009 installation. Data from x-point balance experiments and ohmic L-modes (sections IV and V) were obtained from the 2010 diagnostic package (Fig.1 ).
The IR camera detects emission in a 3-5 µm range with 320x256 pixel resolution [19] . It views the ramped tiles by looking both down and in the toroidal direction from a periscope in a vertical port (~90 degrees away toroidally), such that it can view the otherwise hidden vertical segment of the tile surface. A reference image used for camera alignment is shown in Fig. 1 . IR thermography is particularly challenging in C-Mod with its shiny, low emissivity, molybdenum tile surfaces and oblique observations angles [16, 19] -an environment that is similar to ITER.
These complexities are handled by in-situ IR calibrations and by performing various crosschecks with embedded sensors. Additional complications include low-Z surface films (e.g. boron) that change in time and image movement due to relative machine/periscope/camera motion that routinely exceeds 20 pixels in the image. To compensate for the image movement, the overall tile pattern seen in Fig. 1 is used as a landmark to numerically stabilize the image, necessitating the wide field-of-view. Nevertheless, the camera/periscope system resolves ~1 mm scale features on the ramped-tile surfaces.
A 2-D thermal model of the ramped-tile section (QFLUX_2D) is used to convert the surface temperature measurements to surface heat fluxes. QFLUX_2D contains a dimensionally accurate 2-D description of C-Mod's ramped-tile geometry, including tile gaps (see Fig. 2 ), at a cross-section corresponding to the ramped tile's midsection in toroidal angle. Since the ramped tiles are also segmented in the toroidal direction, heat flow in that direction is small and therefore neglected. QFLUX_2D accounts for temperature-dependent materials properties and allows a thermal resistance layer (film) profile to be specified. Surface films can change the relationship between surface temperature and heat flux, and if not properly considered, can lead to erroneous negative heat fluxes [20] . We employ a novel Fourier analysis method to estimate the thermal resistance of films: (1) computing the complex thermal impedance of a bare surface using measured temperatures and modeled heat fluxes and (2) adding to this a minimal amount of surface thermal resistance to eliminate negative heat fluxes. Figure 2 shows an example of a Immediately after the discharge, the surface heat flux is set to zero and the modeled temperatures are allowed to evolve, arriving at a tile temperature distribution that can be checked with measurements for overall consistency (lower panel of Fig. 2 ). At this point in time, an insitu calibration of the IR system is performed, using the tile thermocouple data (seen as gray bars in Fig. 2 ). This procedure is performed after every discharge to compensate for changes in surface emissivity owing to film evolution and for degradations in periscope transmission [19] . Upstream plasma conditions were interrogated in detail by multiple plunges of C-Mod's horizontal scanning probe [22] , which was upgraded in 2008 to an advanced head design for high heat-flux handling [23] [24] .
III. EDA H-modes
EDA H-modes are the first subject of our investigation. These are steady-state discharges in which the pedestal is regulated by a continuous 'quasi-coherent' edge mode (QCM), rather than by a regular procession of ELMs [25] . We targeted plasmas with varying plasma currents (I p = 0.5, 0.8, 0. channel is uncertain, with shot-to-shot variation on the order of ~1 mm and systematic offsets on the same order. Also shown in Fig. 3 are parallel heat fluxes estimated from Langmuir probes.
These data initially verified that the 'tail' feature was real and not some artifact of the IR-inferred heat flux profile. More extensive cross-comparisons have since been performed among IR, LP and embedded thermal sensors [27, 28] . These data verify the full set of IR-inferred heat flux footprints from EDA H-modes reported here.
Following the definition of Loarte [4] , the integral heat flux width (integral € λ q ), is found to be in the range of ~3 mm for this discharge. Although the 'tail' feature affects this definition, the integration is nonetheless performed over the full profile, from -5 to 15 mm mapped to the outer midplane. Two other measures are also used to track the heat channel width:
the full-width, half maximum (FWHM) and the e-folding length (1/e length) in the common flux zone of the narrow heat flux channel (see Fig. 3 ). It should be noted that empirical scaling laws [e.g. Eqs.
(1)-(4)] are generally cast in terms of integral € λ q . However, as discussed below, it is important to track separately the heat flux widths in the near SOL (FWHM, e-folding width) since this region is found to scale differently in some cases.
Turning to the empirical scaling laws, we find that Eq. (1) predicts € λ q ≈ 5 mm while Eq. During the second EDA phase (EDA 2), line-averaged density falls slightly and impurity accumulation is arrested. It is interesting that the heat flux widths are markedly different in this phase compared to EDA 1: integral € λ q step up from 4 mm (EDA 1) to 5 mm (EDA 2) and efolding widths increase by a factor of ~2. This is perhaps associated with the enhanced level of particle transport across the pedestal that supports the density/impurity pump-out behavior. In any case, the step change in heat flux widths cannot be simply ascribed to changes in P SOL since it is only slightly different between the two phases. Further detail can be gleaned from snapshots of the heat flux footprint. Regression analysis of the full set of EDA H-mode discharges leads to the same conclusion [17] :
It is interesting that the heat flux widths are associated with the phase of the discharge (Lmode, EDA 1, EDA 2) rather than the magnitude of the boundary layer heat flow. They appear to be directly associated with the edge transport barrier, upon which the pedestal and discharge performance depend. As shown in bottom panel of Fig. 4 , the pedestal height attained during EDA 2 was significantly lower than in EDA 1. Associated with EDA 2 is a flattened SOL pressure profile, directly correlating with the larger heat flux widths. As we will see below, this connection is born out in the statistics of many discharges: plasmas that manage to attain high stored energy tend to have narrow heat flux widths. This behavior in C-Mod has been seen before in the main plasma SOL -as confinement improves, SOL pressure gradient scale lengths tend to become shorter [29] . It should be noted that ASDEX-Upgrade has examined similar relationships, producing an explicit power-law scaling of heat flux widths in terms of H-mode confinement factor [4] . Thus, one must look to the physics of the edge transport barrier as controlling the width of the power channel in the SOL. € q //, fluid decays too rapidly and yields a peak heat flux that is much higher than observed, even allowing for relative shifts due to field line mapping errors. (Note: one cannot shift the profiles by an arbitrary amount since the total power arriving at the divertor i.e., the area under the curves, must roughly agree.) Physical processes neglected in this formulation must account for this discrepancy. These include kinetic corrections [31, 32] (which must be included in these plasmas since the collisional mean-free paths for electrons are a significant fraction of € L ), crossfield transport that can spread the footprint via collisional or turbulence processes [33, 34] or via stochastic magnetic field lines in the vicinity of the x-point (e.g. [35] ) and non-negligible radiation in the divertor (photons plus charge exchange). A better correspondence between the divertor heat flux profile and midplane plasma conditions is found simply from the requirement that the electron pressure should map along field lines. Assuming the electron pressure at the divertor target is approximately equal to half the upstream value, the parallel heat flux at the target can be computed from standard sheath formulations [36] , using the measured divertor pressure profile. This profile shape is found to be similar to the observed heat profile in the common flux region.
Adopting € q //,sheath as the correct mapping formula, it is possible to use this as a separatrix-finding algorithm to compensate for shot-to-shot variation in the flux surface mappings of the upstream Thomson scattering data. This is analogous to the way the Spitzer-Harm expression has been employed in the past [6] . Here we explore the consequences of algorithm, yet they largely support the one employed here, i.e., plasma thermal energy and peak heat flux on the divertor are seen to be roughly proportional, with plasma pressure at the LCFS being the common element that connects between the two.
D. Heat flux width scalings
Examining the full range of currents and fields explored for EDA H-modes, we find that the connection between achievable plasma thermal energy and heat flux footprint width, identified in Fig. 4 , applies to all discharges. Plasma current is found to play an important role in this story as well. As illustrated in Fig. 8 , heat flux widths generally decrease with increasing plasma thermal energy with no sensitivity to toroidal magnetic field strength. Higher plasma currents allow a higher thermal energy to be achieved, which in turn tends to be associated with a narrower heat flux footprint. For the discharges with the highest thermal energy per unit current, the e-folding decay length of the narrow power channel near the separatrix (see Fig. 3 ), exhibits an approximately transport regime (diffusive versus free-streaming, respectively, e.g., [5] ). To help address this question, we studied the time evolution of heat flux footprints on the outer divertor in a number of discharges as the magnetic topology was changed dynamically from lower single null (LSN)
to double null (DN) and slightly beyond.
A. X-point balance experiments
Representative results from a 1.1 MA ohmic L-mode plasma are shown in Fig. 9 . The discharge begins in a LSN configuration. During this period, electron temperature profiles across the outer divertor target plate are measured via a small strike point sweep. from the outer midplane to the lower divertor. Thus, these data make sense if the heat flux profile on the outer divertor is rigidly set by a critical gradient transport dynamic on the low-field side (e.g., interchange-driven turbulence). Whether the field line connects a long way around to the inner divertor (single-null) or a short way to the upper divertor (double null) is apparently not of primary importance.
This transport phenomenology is important to keep in mind when assessing the relative benefits of various magnetic topologies for a reactor. Our data indicate that despite the associated factor of two reduction in field line length in going from LSN to DN, the heat flux widths do not get narrower. This is good news. On the other hand, the data also suggest that the extended field line length of advanced divertor topologies [40, 41] will not by itself spread the heat flux footprint width (as mapped to the outer midplane) beyond that which is set by the intrinsic SOL transport dynamics. Thus, the true advantage of these techniques will likely come from their This remarkable result appears to be closely related to the 'death ray' phenomenon reported early in C-Mod's operation [42] where the divertor Langmuir probes would report a local, factor of ~2 over-pressure relative to values measured 'upstream' in the SOL. This observation is important; it clearly indicates that the 'death ray' phenomenon is an artifact that is specific to Langmuir probe operation and that the probe data must therefore be interpreted differently in this regime -a topic that is presently under investigation [28] . In recognition of this fact, we restrict our attention here to divertor Langmuir probe data in the density range 0.1 < € n e /n G < 0.25, while midplane scanning probe data are examined over the full density range. It should be noted that because of this restriction on € n e /n G , we are not able to examine high-recycling divertor cases in the L-mode dataset, i.e., discharges in which the divertor electron temperature profile becomes flat or exhibits its characteristic profile inversion (colder near the strike point), similar to what is seen in the EDA H-modes of section III (see Fig. 6 ).
A. Divertor heat flux and pressure profiles In order to correct for offsets in flux surface mappings, which can vary on a shot-to-shot basis as plasma current and/or toroidal magnetic field is changed, the € J // data are used as a reference marker. We define the separatrix location (zero coordinate) to be the location where € J // goes to zero; all profiles are shifted as needed to meet this condition. The physics justification for this treatment comes from the observation that € J // is composed primarily of two parts: a thermoelectric component [42] and a Pfirsch-Schluter component that changes sign across the strike point [43] . Note that once this adjustment is done there is no 'wiggle room' left in shifting the profiles with respect to one another.
Bearing this in mind, the data in Fig. 10 show a remarkable result. Despite the factor of 2 change in toroidal field, the parallel heat flux profiles and electron pressure profiles are found to be virtually identical, both in magnitude and decay length. Moreover, this correspondence is not restricted to the near SOL region; it extends out 10 mm or more. This result offers an important clue about the underlying transport dynamics. One possibility is that the factor of two increase in parallel connection length is directly compensated by the associated factor two increase in toroidal field strength. It should be noted that such a behavior is consistent with interchangedriven turbulence in a toroidal system in which Alvfen waves propagate along the magnetic field in response to the curvature drive [44] : Since the Alvfen wave speed is proportional to magnetic field strength, its transit time in the poloidal direction from 'bad' to 'good' curvature regions is largely unaffected by variation in toroidal magnetic field strength at fixed plasma current. As we ___________________________________________________________________________ "Scaling of the power exhaust channel in Alcator C-Mod", B. LaBombard et al.
will see below, this observation is particularly relevant because it makes contact with the more general tendency for the edge plasma to hold the MHD ballooning parameter, € α mhd , roughly invariant at fixed parallel collisionality. In this context, € α mhd is simply a measure of the relative strength of ideal interchange growth rate versus shear Alvfen wave damping; it is independent of toroidal field strength at fixed current.
Turning to Fig. 11 , we see how plasma profiles respond to a factor of 2 increase in plasma current at fixed toroidal field (and fixed In order to explore these trends more fully, values of € α mhd and € λ nTe at the outer midplane were measured and tracked for the entire set of ohmic L-mode discharges created for the study. Figure 14 shows the result. These quantities are evaluated at a location 2 mm outside the LCFS and plotted versus approximately invariant for a fixed value of parallel collisionality. This behavior has been noted before [9] and tested for its sensitivity to magnetic topology and associated edge plasma flow conditions [10] . The data presented here separately verify the result and extend the observation to a larger range of fields and currents. In addition, the measurements at the divertor plate (Figs.
10-11), independently confirm this plasma response and show that it is directly connected to the scaling of the divertor heat flux footprints observed in attached plasma regimes.
The tendency for the plasma to organize itself in this way is broadly consistent with models for electromagnetic fluid drift turbulence [45] [46] [47] [48] [49] which, among other things, identify It should be pointed out that the collisionality dependence of € α crit shown in Fig. 14 is slightly different than what was identified in earlier work [10] . The previous study found the ___________________________________________________________________________ The fact that there effectively exists a € α crit in the boundary layer and that it can be parameterized primarily as a function of collisionality is a key finding. These observations call for further experimental and theoretical investigation.
It should be noted that a critical € α mhd paradigm is proving quite successful in explaining the H-mode pressure pedestal width and height [11] . Our experimental observations suggest that a first-principles understanding of the power exhaust channel in a tokamak may come from ___________________________________________________________________________ "Scaling of the power exhaust channel in Alcator C-Mod", B. LaBombard et al.
FIG. 1. (Color online)
In order to facilitate measurements of divertor heat flux 'footprints' in Alcator C-Mod, a set of 'ramped tiles' was installed in one of the outer divertor cassettes and instrumented with an extensive array of embedded thermal sensors and Langmuir probes (hardware from 2010 installation is shown). An IR camera system was assembled to view the ramped-tile surfaces from above at oblique angles [16, 19] . ___________________________________________________________________________ profiles with corresponding 1-sigma statistical error bars shown. The behavior of the SOL pressure profiles is consistent in detail with the response seen at the divertor plate: a factor of two increase in toroidal field at fixed current produces no change, while pressure profiles (top panel) and pressure gradients (middle panel) increase with plasma current. Also pressure gradient scale lengths tend to decrease with increasing current (top panel). As noted in previous studies [9, 10] , there is an overall tendency for pressure gradients near the last closed flux surface to be 'clamped' at a fixed value of the MHD ballooning parameter, Nevertheless, normalized pressure gradients ( € α mhd ) tend to cluster around a value of this quantity, € α crit , which appears to be predominantly a function of parallel collisionality and is statistically independent of plasma current and toroidal field.
